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Why explore microbiomes?

Ubiquitous across earth’s ecosystems
Support global food webs

Underpin biogeochemical cycles
Determine Host’s health and disease

Untapped metabolic diversity



Oceans cover >70% of the planet




> 500,000 microbial cell per mL
> 50% of the oxygen production




Traditional microbiology



Traditional microbiology
Cultivation-based analysis of microbiomes
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Metagenomics
Accessing the genomic content of microbiomes
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Global ocean metagenomics (>1,000 samples)
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Genome-resolved Metagenomics
Contextualizing the genomic content of microbiomes
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Mapping a metagenome
Alignment of reads to a reference



METAGENOMIC SAORT REN)S
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METAGENOMIC ST REN)S
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METAGENOMIC SAORT RENDS
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METAGENOMIC SAORT RENDS



METAGENOMIC SART REN)S
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METAGENOMIC SAORT RENDS




Mapping rates
How much can we put in the reference context?
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Genome-resolved metagenomics



Reference genomes

Mapping rate:




Accessing the missing genomic content
Cultivation-independent methods


















Sequence composition
Computing k-mer frequencies
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Abundance correlation
Counting stuff across samples
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Cultivation-independent genome-resolved
metagenomics

A summary






Nothing’s perfect
Evaluation and limits of MAGs



Universal single-copy marker genes



Universal single-copy marker genes

Between 40 and 120 for Bacteria/Archaea depending on cutoffs



Universal single-copy marker genes
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Universal single-copy marker genes
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Universal single-copy marker genes
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Universal single-copy marker genes

aps O
O

Completeness 100% Completeness 100% Completeness 83%

Contamination 0% Contamination 17% Contamination 0%

U
U

G1 G2 G3
A 1 1 1
B 2 1
C ; ;
X )
v ;
Z 0




Material

This course uses a lot of material from https://merenlab.org/momics/, | invite you to have a look.

If you want details on the bioinformatics behind you can start by having a look here:
https://astrobiomike.github.io/genomics/metagen anvio

Mike Lee

OO0 Web O Email O Twitter O Linkedln O Github

A. Murat Eren (Meren) (PI)

O Web OEmail O Twitter O LinkedIn O Github O ORCiD
OO0 Address: Knapp Center for Biomedical Discovery, 900 E. 57th St., MB 9, RM 9118, Chicago, IL 60637
USA

» NASA Space Biology Fellow, NASA Ames Research Center.
O Phone: +1-773-702-5935 [ Fax: +1-773-702-2281

» JCVI Research Fellow, J. Craig Venter Institute.

I am a computer scientist with a deep appreciation for the complexity of life. I design

algorithms and experiments to better understand microbes and their ecology. [photos: & Combining reference genome annotations with your own in Pangenomes (Sat, Dec 01, 2018)
1,2, 3]. Z= Anvio 'views' demystified (Mon, May 08,2017)

Z. Making anvio use your own HMM collection (sat,May 21, 2016)
» MBL Fellow, Marine Biological Laboratory.

» Assistant Professor, The Department of Medicine at the University of Chicago.
» Committee on Microbiology, The Biomedical Sciences Cluster at the University of Chicago.


https://merenlab.org/momics/
https://astrobiomike.github.io/genomics/metagen_anvio

Application to the ocean microbiome
Uncharted biosynthetic potential



Why explore environmental microbiomes?

 Ubiquitous across earth’s ecosystems
e Support global food webs
 Underpin biogeochemical cycles

e Determine Host’s health and disease

e Untapped metabolic diversity
e Biosynthetic potential

* | New Enzymes
| New Natural products

Applications



Why explore environmental microbiomes?

Ubiquitous across earth’s ecosystems
Support global food webs
Underpin biogeochemical cycles

Determine Host’s health and disease

Microbial
Untapped metabolic diversity Interactions

e Biosynthetic potential

* | New Enzymes
| New Natural products

Applications
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Global ocean metagenomics (>1,000 samples)
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Reconstructing genomes from
metagenomes (MAGs)

Metagenomic processed reads

Sample 1 Sampl
Metagenomic assemblies Mapped reads (n files per sample)
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Reconstructing genomes from
metagenomes (MAGs)

Metagenomic processedreads |
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Reconstructing genomes from
metagenomes (MAGs)

Metagenomic processedreads |
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Abundance correlation improves binning
results three-folds

n=180 n=190 n=58 n=610
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Reconstructing microbial genomes from
metagenomes

>1,000 Metagenomes
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Bioinformatic pipeline

~26,000 Metagenome-Assembled Genomes (MAGs)



Integrating cultivation dependent and

Independent methods

= Newly reconstructed MAGs (~26,000
= Manually curated MAGs (~1,000)
= Single amplified genomes (SAGs) (~6,000)
= Reference genomes from isolates (~2,000)



Establishing a rich ocean microbiome

resource
= Newly reconstructed MAGs (~26,000
= Manually curated MAGs (~1,000)
= Single amplified genomes (SAGs) (~6,000)
= Reference genomes from isolates (~2,000)
Taxonomic database Ocean Microbiomics

- Database (OMD)

Functional databases



http://microbiomics.io/ocean

Improved representation of the ocean

microbiome

Genome-resolved metagenomics




Improved representation of the ocean

microbiome

Genome-resolved metagenomics
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Providing access to its biosynthetic
potential

~35k genomes

l

~40k Biosynthetic Gene Clusters (BGCs)



= How unique is it compared to currently
sequenced microbes?



Compared to sequenced and

characterised biosynthetic potential
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NCBI b o mpmd
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Grouping BGCs into relevant units

~35k genomes

l

~40k Biosynthetic Gene Clusters (BGCs)

l

~7K Gene Cluster Families (GCFs)



GCF count

With large potential for new

RefSeq ______ MIBiIG
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Kautsar et al. 2020
Kautsar et al. 2021



= Are there BGC-rich microbial lineages to be
discovered in the ocean?



Phylogenomic distribution of the ocean biosynthetic
potential

— Taxonomy
Taxonomy BGC-rich lineages
P Myxococcota (>15 BGCs)
I Rhodobacteraceae ED Sandaracinaceae
EJp Planctomycetota I Tistrella
E® Chioroflexota &) Planctomycetota
B Patescibacteria (CPR) B Eremiobacterota
@) Cyanobacteria E» Rhodococcus
@ Nanoarchaeota E® Synechococcus
EJp Euryarchaeota
Number of genomes
NN BN DS S S .
1 3 7 20 55 150 400 1,000

Parks et al. 2018



Eremiobacterota, uncultivated phylum with unsuspected
BGC richness >, .

15 —Number of biosynthetic clusters
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5
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— Taxonomy

BGC class
RiPPs (Ribosomal Natural Products)
Non-Ribosomal Peptide Synthases
Type | Polyketide Synthases
Type Il & Il Polyketide Synthases

Terpenes

Other
Taxonomy BGC-rich lineages
P Myxococcota (>15 BGCs)
I Rhodobacteraceae ED Sandaracinaceae
EJp Planctomycetota I Tistrella
E® Chioroflexota &) Planctomycetota
B Patescibacteria (CPR) B Eremiobacterota
@) Cyanobacteria E» Rhodococcus
@ Nanoarchaeota E® Synechococcus
EJp Euryarchaeota

Number of genomes
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Parks et al. 2018



A novel marine Eremiobacterota lineage:
The candidate family Eudoremicrobiaceae

Number of BGCs B Planctomycetota (2)

_ Actinobateriota (2)
Genome size | Cyanobacteria (2)

B Chloroflexota (2)
P I_Sample sotree / Phylum [ Dormibacterota (1)
1)

Patescibacteria (

B Armatimonadota (2)
UPB13 (1)

Eremiobacterota (33)

A1 Ca. Amphithoemicrobium indianii
A2 Ca. Amphithoemicrobium mesopelagicum
B1 Ca. Autonoemicrobium septentrionale

C1 Ca. Eudoremicrobium malaspinii

C2 Ca. Eudoremicrobium taraoceanii



The newly identified bacterial family has a
diverse and actively expressed BGC repertoire

BGC class
RiPPs (Ribosomal Natural Products)
Non-Ribosomal Peptide Synthases
Type | Polyketide Synthases
Type Il & lll Polyketide Synthases
Terpenes

Other

Ectoine -
T1PKS/PUFA/QOlefin -
Siderophore -

T3PKS (alkylpyrone) -
Hopanoid #1 -
Carotenoid -

Bacteriocin (DUF692) -
Proteusin/Bacteriocin #1 -
T1PKS -

Phosphonate -

NRPS-like #1 -
Proteusin/Lanthipeptide -
T1PKS/NRPS-like -
Proteusin/Bacteriocin #2 -
NRPS-like #3 -
Glycosylated microviridin -
NRPS-like #4 -

Hopanoid #2 -
Microviridin -

NRPS-like #2 -
NRPS-like/betalactone -
NRPS-like #5 -

Aryl polyene -
Phosphorylated peptide -
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A biosynthetic potential that may supports
a putative predatory lifestyle

2 — o/ _
p_vaﬁe‘fé’_ '5‘0/1 - High predatory scores

- Large BGC diversity

‘ » Diverse secretion systems

- Degradative enzymes
» Motility

B . BGCs
Secretion systems
Degradative enzymes
Predatory markers
- Non-pred. markers

Cluster 1 | Cluster 2] Cluster 3 Cluster 4

**

**
**
n.s.
*

B
Flagellar genes
Sampb
Scaled median Ocean province Size fraction
expression B North Pacific Ocean [l Particle-enriched
N South Pacific Ocean  (>0.8 um)

0.00 0.25 0.50 0.75 1.00 I North Atlantic Ocean [ Prokaryote-enriched
Indian Ocean (0.2-3 um)

Pasternak et al. 2012



= |s this computational approach sufficiently
powerful to predict new enzymology and
natural products?



Probing Eremiobacterota’s biosynthetic
potential for new enzymes and natural products

Ectoine -
T1PKS/PUFA/QOlefin -
Siderophore -

T3PKS (alkylpyrone) -
Hopanoid #1 -
Carotenoid -

Bacteriocin (DUF692) -
Proteusin/Bacteriocin #1 -
T1PKS -

Phosphonate -

NRPS-like #1 -
Proteusin/Lanthipeptide -
T1PKS/NRPS-like -
Proteusin/Bacteriocin #2 -
NRPS-like #3 -
Glycosylated microviridin -
NRPS-like #4 -

Hopanoid #2 -
Microviridin -

NRPS-like #2 -
NRPS-like/betalactone -
NRPS-like #5 -

Aryl polyene -

* Phosphorylated peptide -

High
expression

Specific to
deep ocean

A1 A2B1 C1C2

Characterising two predicted novel
Ribosomal BGCs using:

 Non-standard heterologous expression
e Tandem Mass Spectrometry (MS/MS)
e |sotope labelling

e Nuclear Magnetic Resonance (NMR)



Intricate proteusin cluster reveals new
enzymology

FkbM-like B -dependent rSAM
methyltransferase methyltransferase
erel ereM ereB

Asp/Arg
hydroxylase



Intricate proteusin cluster reveals new

enzymology
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Intricate proteusin cluster reveals new
enzymology

FkbM-like B -dependent rSAM
methyltransferase methyltransferase
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A predicted O-methyltransferase with
amide-N-methylation activity
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A new RIPP cluster with
phosphorylation as sole modification
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With Human Elastase inhibition

- X —)— <X

orf7 orfé embA embM orf3 orf2 orf1
Nif11 precursor Maturase
peptide

Nif11 leader
Protease aa
= e
OH ot :I&hipitiol\rlll 8‘% § c
INn g )
O:|:|>/OH Y EmbM (IC;, In uM) =X -C% %
Peptide ZWw O -

Unmodified >100 >100 45
Phosphorylated 14.3 >100 92

Dehydrated >100 >100 76

Chymorypsin

>100

>100

>100



Conclusions

¢ Genome-resolved microbiomics as a mean to
explore environmental microbiomes and discover
novel enzymology and natural products

® T[his approach provides evolutionary and ecological
context to the biosynthetic potential

e Bioinformatics-guided experimental characterisation
IS necessary and can still lead to unpredicted
discoveries
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